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ABSTRACT
Important constraints on the properties of the Anomalous X-ray Pulsars (AXPs) and Soft Gamma-Ray Re-
peaters (SGRs) can be provided by their associations with supernova remnants (SNRs). We have made a radio
search for SNRs towards the AXPs RX J170849–400910 and 4U 0142+61 — we find that the former lies near a
possible new SNR with which it is unlikely to be physically associated, but see no SNR in the vicinity of the latter.
We review all claimed pairings between AXPs and SNRs; the three convincing associations imply that AXPs are
young (<10 000 yr) neutron stars with low projected space velocities (<500 km s−1). Contrary to previous claims,
we find no evidence that the density of the ambient medium around AXPs is higher than that in the vicinity of
radio pulsars. Furthermore, the non-detection of radio emission from AXPs does not imply that these sources are
radio-silent.
We also review claimed associations between SGRs and SNRs. We find none of these associations to be
convincing, consistent with a scenario in which SGRs and AXPs are both populations of high-field neutron stars
(“magnetars”) but in which the SGRs are an older or longer-lived group of objects than are the AXPs. If the
SGR/SNR associations are shown to be valid, then SGRs must be high-velocity objects and most likely represent
a different class of source to the AXPs.
Subject headings: radio continuum: ISM — stars: neutron — stars: pulsars — supernova remnants — X-rays:
stars
1. INTRODUCTION
It has long been believed that radio pulsars are the most com-
mon form of young neutron star. However, a variety of new
discoveries have demonstrated that the population of such ob-
jects is considerably more diverse than originally thought. Most
prominent amongst these recent results has been the emergence
of two possibly related classes of source, the Anomalous X-ray
Pulsars (AXPs) and the Soft Gamma-Ray Repeaters (SGRs).
The AXPs are a group of 5–6 unresolved X-ray sources,
showing pulsations at periods of 6–12 sec and generally ex-
hibiting steady spin-down (see for a comprehensive review).
None of the AXPs show any evidence for a binary companion,
and none have been detected at radio wavelengths. The AXPs
all lie in the Galactic Plane, and several are located near the
centers of supernova remnants (SNRs).
The four (possibly five) SGRs are characterized by their oc-
casional intense γ-ray activity (see for a review). All four con-
firmed SGRs have been identified with persistent X-ray sources.
In three cases, pulsations have been detected from these X-ray
sources, with periods in the range 5–8 sec and positive period
derivatives. Radio pulsations have been claimed from one SGR
but have not been confirmed (; ). Three of the SGRs are in the
Galactic Plane while a fourth is located in the Large Magellanic
Cloud (LMC); in all four cases, the SGR lies near a cataloged
SNR.
The generally accepted interpretation for the SGRs is that
they are “magnetars” — young isolated neutron stars with ex-
tremely high (∼> 1015 G) magnetic fields (; ; ). Such field
strengths are well above the quantum critical field limit of
4×1013 G; the physics and emission processes of the SGRs are
therefore expected to differ considerably from those of lower-
field radio pulsars (). These high magnetic fields can account
for the γ-ray activity seen from the SGRs, and also for their
observed periods and period-derivatives.
An interpretation for the AXPs is less clear. Given the simi-
larities of their timing properties to those of the SGRs, several
authors have proposed that the AXPs are also magnetars (; )
— the dipole magnetic fields inferred from their periods and
period-derivatives are indeed in the range 1014 − 1015 G. Be-
cause γ-ray burst activity has not been observed in any of the
AXPs, it has been suggested that they represent a different evo-
lutionary stage than do SGRs in the life of a magnetar (; ; ).
Alternatively, a variety of authors have argued that the AXPs
are neutron stars with typical magnetic fields ∼ 1012 − 1013 G,
and whose X-ray flux originates from accretion from a low
mass companion (), a supernova fall-back disk (), or a common-
envelope phase of evolution (). These interpretations can better
explain the small range of periods observed for the AXPs (), but
have trouble accounting for these sources’ faint optical counter-
parts ().
An important constraint in interpreting both AXPs and SGRs
has been the associations of these sources with SNRs. Such an
association confirms that the AXP or SGR was formed in a su-
pernova explosion and is thus likely to be a neutron star. Fur-
thermore, since SNRs are reasonably short-lived (20–100 kyr;
; ), the association argues that the AXP/SGR is comparatively
young. Beyond these basic conclusions, an association with a
SNR also provides an estimate of a neutron star’s age, distance,
and birth-site, from the latter of which its projected space veloc-
ity can be estimated. Associations with SNRs have correspond-
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ingly been used to infer a variety of properties for the AXPs
and SGRs: it has been concluded from SNR associations that
SGRs have extremely high space velocities (), that AXPs are
very young objects (), that AXPs and SGRs are born in higher
density regions than are radio pulsars (), that the supernova ex-
plosions which produce SGRs occur on the edge of their pro-
genitor’s wind-bubbles (), and even that AXPs and SGRs are
strange stars (; ).
It is clearly of considerable interest to identify new instances
of such associations, but at the same time it is crucial to de-
termine whether previously-claimed associations are genuine.
There are many regions of the Galactic Plane where the spa-
tial density of SNRs is high. The possibility that an AXP/SGR
and an adjacent SNR are physically unrelated and merely lie
along similar lines-of-sight must therefore be carefully consid-
ered. Indeed, many associations claimed between SNRs and
radio pulsars (; ; ) have subsequently been shown to be spuri-
ous (; ; ), and similar caution must be applied to associations
between SNRs and AXPs/SGRs.
Associations between SNRs and radio pulsars are usually
judged on criteria such as agreement in ages and distances and
whether the transverse velocity implied for the pulsar is reason-
able. However, these criteria are problematic when applied to
cases involving AXPs and SGRs.
The characteristic age parameter used to estimate the ages of
radio pulsars ( ≡ P=2P˙, where P is the spin-period and P˙ is
the period-derivative) is applicable only if a neutron star’s spin-
down is entirely due to magnetic dipole radiation. However, in
the case of a magnetar there is expected to be a significant addi-
tional torque due to a relativistic particle wind (; ). Furthermore,
some AXPs and SGRs show complicated timing behavior not
consistent with any kind of steady spin-down (; ). Finally, in
the specific case of the otherwise convincing association of the
AXP 1E 2259+586 with the SNR CTB 109 (discussed in Sec-
tion 4.3), the age of the SNR is a factor∼20 times smaller than
the value of  = P=2P˙ inferred for the AXP. There thus seems to
be neither any evidence nor expectation that the ages of AXPs
and SGRs can be usefully estimated from their observed spin
parameters.
Distance estimates for most of the AXPs/SGRs come only
from a measurement of the column density of absorbing ma-
terial along the line-of-sight, and so have large uncertainties
>50%. Finally, while transverse velocities inferred for radio
pulsars can be compared to the pulsar velocity distribution as
determined from proper motion measurements (e.g. ), nothing
is known about the range of velocities expected for AXPs and
SGRs. Therefore the only criterion we can reliably apply in the
case of AXPs and SGRs is positional coincidence — namely,
whether the neutron star and SNR are sufficiently close on the
sky that it is unlikely that they align by chance (e.g. ; ).
Motivated by these considerations, we here present a study
of associations of AXPs and SGRs with SNRs, a brief discus-
sion of which was outlined by Gaensler (2000). In Sections 2
and 3 we describe a search for radio SNRs towards two AXPs,
RX J170849–400910 and 4U 0142+61. In Section 4 we discuss
the implications of these observations, review possible SNR as-
sociations for all other known AXPs, and use the results to infer
some general properties about the AXP population. In Section 5
we consider the case of SGRs in SNRs, similarly derive some
overall properties of the SGR population, and discuss the pos-
sible relationship between AXPs and SGRs.
2. OBSERVATIONS AND DATA REDUCTION
The regions surrounding the AXPs RX J170849–400910 and
4U 0142+61 were observed with the Very Large Array (VLA),
and are summarized in Table ??. All observations were cen-
tered at 1435 MHz, using three adjacent frequency channels
each of width 12.5 MHz. Each field was observed in a 3-
point mosaic pattern, both to increase the field-of-view and
to maximize sensitivity to extended structure. Antenna gains
and polarization were calibrated using regular observations
of PKS B1827–360 (for RX J170849–400910) and 3C 468.1
(for 4U 0142+61). Amplitudes were calibrated using obser-
vations of 3C 286 (for RX J170849–400910) and 3C 48 (for
4U 0142+61), assuming flux densities at 1.4 GHz of 15.0 Jy
and 16.1 Jy respectively.
Data were analyzed using the MIRIAD package. Once vis-
ibilities were edited and calibrated, an image corresponding to
the combination of all three frequency channels was made us-
ing multi-frequency synthesis (). All three pointings towards
each source were then deconvolved simultaneously using the
MOSMEM algorithm (). The resulting image was then smoothed
with a gaussian restoring beam of dimensions corresponding to
the diffraction-limited resolution of the observations.
Our VLA data on 4U 0142+61 lacks sensitivity to the largest
spatial scales. To search for such emission, we have also ob-
tained a 1.4-GHz image of the region surrounding 4U 0142+61
made as part of the Canadian Galactic Plane Survey (CGPS;
) and archived by the Canadian Astronomy Data Center. This
image includes both interferometric and single-dish data, and





A 1.4 GHz image of the field surrounding RX J170849–
400910 is shown in Fig ??. Only the lower-resolution DnC-
array data have been used to make this image, so as to give
maximal surface-brightness sensitivity.
It is clear that RX J170849–400910 is in a complex region.
Previously identified sources which can be seen in the image
include the SNR G346.6–0.2 (∼ 15′ to the east of the AXP;
), the ultra-compact H II region G346.52+0.08 = IRAS 17052–
4001 (4′ to the north of the AXP; ), the unresolved radio source
G346.472+0.053 (1′ to the west; ), and the thermal source
IRAS 17056–4004 (4′ to the east).
Two arcmin to the east of the AXP can be seen an arc of
diffuse emission, running from north to south for ∼ 8′ before
curving around to the east, eventually fading and merging with
SNR G346.6–0.2. The overall morphology is that of a faint
partial shell, with a radius of ∼ 6′. We have looked for this
source in various archival data-sets: 1.4 GHz VLA observations
of SNR G346.6–0.2 (), 1.4 GHz observations of SNR G347.3–
0.5 using the Australia Telescope Compact Array () and in the
843 MHz Molonglo Galactic Plane Survey (MGPS; ). Although
these observations are all of poorer sensitivity than the data
presented here, the presence and morphology of this source is
clearly apparent in all three data-sets. In future discussion, we
refer to this source as G346.5–0.1, corresponding to the posi-
tion of its approximate center of curvature.
An examination of the IRAS Galaxy Atlas () shows no coun-
terpart to G346.5–0.1 at wavelengths of 60 m or 100 m, nor
in a map of the ratio 60 m/100 m. We also have found no
X-ray emission from this source in archival ROSAT or ASCA
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We have searched for radio emission from RX J170849–
400910 itself by making a 1.4 GHz image using only data from
the higher-resolution CnB array. No emission is seen at the po-
sition of RX J170849–400910 in this image down to a 5 upper
limit of 3 mJy.
3.1.2. Spectral Index Determination
We have determined approximate spectral indices for the
emission seen in Fig ?? by comparing our 1.4 GHz image to
a 843 MHz MGPS image of the same region (). In order to
make a proper comparison of the images, we first applied to
the 843 MHz data the mosaicing pattern, primary beam atten-
uation and u − v coverage of the 1.4 GHz VLA observations
so as to produce two data-sets which were identical except in
their brightness distributions. We then applied to this spatially-
filtered 843 MHz data the same deconvolution process as was
required to produce the 1.4 GHz image shown in Fig ??. Im-
ages at both frequencies were then smoothed to a resolution
of 60′′ × 60′′, and compared using the technique of spectral
tomography, whereby scaled versions of the 843-MHz image
are subtracted from the 1.4-GHz image, and the scaling factor
for which a given feature merges into the background is used
to compute that feature’s spectral index (). An accurate spec-
tral index for G346.5–0.1 is difficult to determine because it is
so faint and diffuse. However, for the brightest region along
its extent, we estimate a spectral index  = −0:4± 0:2 (where
Sν ∝ α).
Of the other main sources seen in Fig ??, we find that
SNR G346.6–0.2 has a spectral index  = −0:6± 0:1, in good
agreement with the value  = −0:5 tabulated by Green (2000)
in his SNR catalog. G346.52+0.08 and IRAS 17056–4004 both
have relative flat spectra (−0:15± 0:1 and −0:1± 0:1 respec-
tively), consistent with their interpretations as thermal sources.
G346.472+0.053 has a steeper spectrum,  = −0:9± 0:1, indi-
cating that it is probably a background radio galaxy.
3.2. 4U 0142+61
The CGPS image of the region surrounding 4U 0142+61 is
shown in Fig ??; no extended structure can be seen anywhere
near the position of the AXP. The RMS sensitivity of the im-
age is 0.2 mJy beam−1. Assuming a typical SNR spectral index
 = −0:5, this corresponds to a 1 surface brightness limit on
any SNR of Σ1 GHz = 3:5×10−23 W m−2 Hz−1 sr−1.
We can use our VLA observations to search for emission
from 4U 0142+61 itself. Using these data, we find no point
source at the position of 4U 0142+61 down to a 5 limit of
0.27 mJy.
4. ASSOCIATIONS OF AXPS WITH SNRS
4.1. RX J170849–400910
The arc of emission G346.5–0.1 which we have identified in
Fig ?? has a partial-shell morphology, a high radio/IR flux ra-
tio, and a spectral index which suggests non-thermal emission.
We thus suggest that G346.5–0.1 is potentially a previously-
unidentified SNR, although confirmation of this possibility will
require a detection of linear polarization and/or a more accurate
determination of its spectral index. It is certainly not unusual
for deep imaging to reveal previously-unidentified faint SNRs
in complex regions of the Galactic Plane (; ; ) — these results
underscore the incompleteness of current SNR samples.
Of the nearby sources in the field, SNR G346.6–0.2 is at a
distance of either 5.5 or 11 kpc (), while the ultra-compact H II
region G346.52+0.08 is at a distance of∼17 kpc (; ). Thus even
if the case can be made that G346.5–0.1 is associated with one
of these nearby sources, its distance is still highly uncertain.
We assume in future discussion that the distance to G346.5–0.1
is 10d10 kpc with 0:5∼< d10 ∼< 2.
If G346.5–0.1 is indeed a SNR, could it be associated with
RX J170849–400910? The hydrogen column density towards
the latter as inferred from its X-ray spectrum suggests that
d10 ∼> 1 for the AXP (). So while the distance to neither ob-ject is known, there is nothing to suggest they are inconsistent.
If we assume that the AXP was born at the center of G346.5–
0.1 104t4 years ago, we can infer a projected velocity for the
AXP of 2300d10=t4 km s−1. If we assume t4 ∼> 5 (as suggested
by the faint and ragged appearance of G346.5–0.1 and the lack
of any X-ray emission from it) and d10 = 1, we obtain a pro-
jected velocity of ∼< 460 km s−1, which is comparable to that
inferred for other AXPs (see discussion in Section 4.4 below).
However, we also need to consider the possibility that the
AXP and candidate SNR lie near each other only through ran-
dom alignment along the line-of-sight. We can estimate such a
probability by noting that there are 12 SNRs in the catalog of
Whiteoak & Green (1996) within a representative area bounded
by 340◦ ≤ l ≤ 350◦, |b| ≤ 0:◦5. To calculate the probability of
an AXP lying within 2′ of the rim of an unrelated SNR, we in-
flate the radius of each of these 12 SNRs by 2′. The chance
of an alignment is then just the ratio of the area of these 12
sub-regions to the total 10 square degrees under consideration
(), corresponding to a probability of ∼5%. However, this value
is certainly an underestimate, as we have carried out a targeted
observation of greater sensitivity than the survey of Whiteoak
& Green (1996), and the probability of finding a nearby SNR
will thus be higher than inferred from this catalog. The catalog
of Whiteoak & Green (1996) is complete to a 1-GHz surface
brightness of Σ≈ 8×10−21 W m−2 Hz−1, about 10 times poorer
than the 3 sensitivity of the VLA observations presented here.
Gaensler & Johnston (1995) simulate the Galactic SNR pop-
ulation, and find that for a search 10 times deeper than that of
Whiteoak & Green (1996), one would find approximately twice
as many SNRs. Similarly, Helfand et al. (1989) argue that
about 50% of SNRs in this direction are still to be discovered.
We thus conclude that for our targeted search, the probability
of finding a random alignment of the AXP with a nearby SNR
is ∼10%. This does not imply that there is a ∼90% probability
that G346.5–0.1 and AXP RX J170849–400910 are physically
associated, but simply that there is a 90% probability that the
AXP is not randomly located with respect to the SNR distri-
bution. If AXPs are young neutron stars, they will be natu-
rally clustered into the same small regions of the sky as SNRs.
A low probability of random alignment may simply indicate
that AXPs and SNRs are both associated with massive star for-
mation. We therefore conclude that there is no compelling
argument for a physical association between G346.5–0.1 and
RX J170849–400910.
As an aside, we note that Marsden et al. (2001) have
proposed an association between RX J170849–400910 and
SNR G346.6–0.2. The AXP is 12′ beyond the perimeter of
this SNR, and the probability of random alignment (estimated
through the same arguments as above) is ∼30%. We therefore
consider it highly unlikely that there is any association between
RX J170849–400910 and G346.6–0.2.
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4.2. 4U 0142+61
There is no evidence for any SNR towards 4U 0142+61 down
to a 1-GHz brightness limit Σ = 3:5×10−23 W m−2 Hz−1 sr−1.
The faintest SNRs in the Galactic SNR catalog are
G65.2+5.7 and G156.2+5.7 (). In both cases, most of the ex-
tended emission from the SNR shell has a brightness of at least
Σ1 GHz ∼> 1:5×10−22 W m−2 Hz−1 sr−1, which would have been
easily detected in the observations presented here. Thus if there
is a SNR associated with 4U 0142+61, it is fainter than any
other radio SNR known.
Recent X-ray results suggest that some SNRs are detectable
at high energies but have no corresponding radio emission (e.g.
); however no spatial or spectral evidence of a SNR has been
reported in X-ray observations of this source (e.g. ).
4.3. Other AXPs
There are three (possibly four) other AXPs, several of which
lie within SNRs. We now briefly describe each case.
The AXP 1E 2259+586 lies within 3′ of the geometric center
of the young SNR CTB 109 (G109.1–1.0; ). In a representa-
tive area 100◦ < l < 120◦, |b| < 2◦, there are just five SNRs
listed in Green’s (2000) catalog. The probability of the AXP
lying this close to the center of one of these SNRs by chance
is 5×10−4. This probability is sufficiently low that we think it
highly probable that 1E 2259+586 and CTB 109 form a genuine
association.
Similarly, AXP 1E 1841–045 lies ∼< 30′′ from the center of
the very young SNR G27.4+0.0 (Kes 73; ). Considering the
11 SNRs in the region 20◦ < l < 30◦, |b| < 1◦, we calculate
the probability of chance alignment to be 1× 10−4. As for
1E 2259+586 / CTB 109, it seems highly likely that 1E 1841–
045 and SNR G27.4+0.0 form a physical association.
AXP 1E 1048.1–5937 lies on the edge of the Carina Neb-
ula, a bright and confused region at all wavelengths. Jones
(1973) identified a region of non-thermal radio emission to-
wards the Carina Nebula, which he proposed as a candidate
SNR, G287.8–0.5. While other radio observations have failed
to find evidence for such a source (; ), data at X-ray, optical and
millimeter wavelengths provide evidence for recent supernova
activity in the Carina region (; ; ). Thus, while it seems likely
that 1E 1048.1–5937 is in a region of massive star formation,
there is no indication of the specific event associated with its
formation.
The 7-second pulsar AX J1845–0258 is highly time-variable,
but otherwise has properties consistent with it being an AXP (;
;). It lies within 40′′ of the center of the young SNR G29.6+0.1,
with a probability of random alignment of < 2×10−3 (). As in
the cases discussed above, it seems likely that the AXP and the
surrounding SNR are physically associated.
Finally, the X-ray point source RX J1838.4–0301 lies within
the SNR G28.8+1.5, and was once considered an AXP candi-
date on the basis of a marginally significant detection of 5.5-
s pulsations in ROSAT data (). However, RX J18384.4–0301
shows significant X-ray flares, suggesting that it likely corre-
sponds to coronal emission from a positionally coincident K5
star (). Furthermore, the pulsations reported by Schwentker
(1994) were not detected in subsequent ASCA observations ().
Thus there currently seems little evidence that RX J1838.4–
0301 is an AXP or is associated with G28.8+1.5.
4.4. Overall Properties
In the first part of Table ?? we summarize the properties of
the three AXPs for which there are plausible associations with
SNRs. For each AXP we list the estimated age, tSNR, and dis-
tance, dSNR, for the SNR, the offset of the AXP from the SNR’s
geometric center, ∆, and the angular radius of the SNR, SNR.
In all three cases the associated SNR is reasonably circular and
its center is well-defined, so that it is straightforward to estimate
this offset.
The ratio of the offset to the SNR radius,  = ∆=SNR, is
also listed in Table ??. In all cases   1, indicating that each
AXP lies very close to the center of its SNR. As argued above,
these alignments imply a very small probability that an AXP
and SNR lie in the same part of the sky simply by chance.
If we assume that each AXP is associated with its coincident
SNR and was born at its center, the values of tSNR, dSNR and ∆
allow one to calculate an implied transverse velocity, VT , for
the AXP. In all three cases the implied velocity is <500 km s−1.
These upper limits and the corresponding small values of  are
both entirely consistent with the properties of the youngest ra-
dio pulsars and their associated SNRs (Gaensler & Johnston
1995a,b; ).
The ages of their associated SNRs indicate that the three
AXPs in Table ?? are all young objects, with ages less than
104 yr. However, the absence of SNRs around the remaining
three AXPs does not necessarily imply that these other sources
are older objects. Many SNRs occur in low density regions and
so do not produce detectable emission (; ). Indeed of the eight
known radio pulsars with characteristic ages less than 104 yr,
four have no associated SNR at radio wavelengths.6 If the su-
pernovae which produce AXPs occur in similar environments
to those which form radio pulsars then, just as for young radio
pulsars, we expect that∼50% of young AXPs will lack SNR as-
sociations. We therefore argue that observations are consistent
with all six AXPs being young neutron stars with ages∼< 10 kyr.
As argued by Gaensler et al. (1999), this implies a lower limit
on the Galactic birth-rate for AXPs of one per 1700 yr.
The young ages inferred for AXPs can place constraints on
both magnetar and accretion models for these sources. In the
context of the magnetar model, our upper limit on AXP ages,
combined with their narrow range of spin periods, can be ex-
plained only if these sources undergo rapid magnetic field de-
cay, as can result from a Hall cascade in the neutron star crust
(). Such a model specifically predicts that an AXP of true age
∼ 104 will have a characteristic age  = P=2P˙∼ 105, which in-
deed is the case for AXP 1E 2259+586 ( ∼ 225 kyr; ) in the
SNR CTB 109 (age ∼ 10 kyr; ).
Any viable accretion model must produce sufficient torque to
spin down an AXP from its presumed rapid birth period ( 1 s)
to its current spin-period (∼ 10 s) in less than 104 yr. While this
rapid braking rules out many standard accretion scenarios (),
Chatterjee et al. (2000) propose a model in which an AXP is
a ∼ 1013 G neutron star which accretes from a fall-back disk
of supernova debris. In this model, the neutron star is initially
in a propellor phase in which its X-ray luminosity is too low
to be detected. After a few thousand years, the AXP will slow
down sufficiently that it can begin to accrete and will become
X-ray bright. However, the mass accretion rate will steadily de-
cline as the disk is depleted, and after ∼ 10 kyr the AXP will
again become too faint to be detected. This model thus predicts
6The four radio pulsars with no SNR are the Crab Pulsar (), PSR J0537–6910 (), PSR B1610–50 () and PSR J1617–5055 (). While the first two of these power
associated synchrotron nebulae, they show no evidence for a surrounding SNR blast-wave.
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that AXPs will only be observed with ages ∼ 104 yr and with a
narrow range of spin periods, as is observed.
Marsden et al. (2001) have also recently considered associ-
ations of AXPs with SNRs. In discussing such systems, they
include the pairings RX J170849–400910 / G346.6–0.2 and
1E 1048.1–5937 / G287.8–0.5, both of which we have argued
in Section 4.3 above to be spurious associations. For the re-
maining three associations (listed in Table ??), Marsden et al.
(2001) assume each SNR to be in the Sedov phase of evolu-
tion and to have resulted from a supernova of kinetic energy
E0 = 1051 erg. They then use the SNR’s estimated age, tSNR and
radius, RSNR, to infer an ambient density, n0. They conclude
that the supernovae which form AXPs (and SGRs) occur in re-
gions of significantly higher density regions than those which
make radio pulsars. Marsden et al. (2001) argue that this result
favors accreting models for AXPs, and specifically propose that
the neutron star either accretes gas as it overtakes the slowly-
expanding SNR shell, or forms an accretion disk from material
pushed back by the encounter of the SNR with dense material.
In either case, a high ambient density for AXPs suggests that
their properties are due to their environment rather than are in-
trinsic to the source, a conclusion which would argue against
the magnetar hypothesis.
However, there are a number of deficiencies with this argu-
ment. First, Kes 73 and possibly G29.6+0.1 are very young
SNRs, which may not yet be in the Sedov phase. In this case,
the calculation used to infer an ambient density is not valid.
Second, for SNRs in the Sedov phase the ambient density de-
pends on other parameters as n0 ∝ E0 t2SNR R−5SNR. Uncertainties
in tSNR and E0 of a factor of two, along with a 20% uncertainty
in the distance (all quite reasonable for Galactic SNRs), result
in an uncertainty of two orders of magnitude in any estimate of
n0.
Regardless of the uncertainties in these calculations, the
conclusion that AXPs occur predominantly in denser regions
(n0 > 0:1 cm−3) than do radio pulsars (n0 ∼ 0:001 cm−3) can
be entirely attributed to selection effects. AXPs have gener-
ally been discovered serendipitously in X-ray observations of
bright SNRs, the latter which are generally only detectable in
high density regions (; ). On the other hand, young radio pulsars
have mostly been detected in all-sky surveys, and their inferred
values of n0 reflect the fact that most of the interstellar medium
by volume is of low density. When only radio pulsars associ-
ated with SNRs are considered, ambient densities n0∼ 0:2 cm−3
are inferred (), indicating that there is no obvious difference in
ambient density between SNRs associated with radio pulsars
and those containing AXPs.
4.5. Radio Emission from AXPs
A detection of radio pulsations from an AXP would make a
strong case that these sources are isolated neutron stars rather
than accreting systems. Furthermore, this would make these
sources amenable to radio timing observations and would pro-
vide distance estimates from their dispersion measures.
We have shown that there is no radio emission from
RX J170849–400910 or 4U 0142+61 down to limits of 3 mJy
and 0.3 mJy respectively (5 limits at 1.4 GHz). Because
these limits are determined from continuum images, they are
more constraining than comparable non-detections from pulsed
searches, which can have reduced sensitivity at long peri-
ods. Similar non-detections of radio emission from the AXPs
1E 2259+586 (0.08 mJy; ), and 1E 1841–045 (0.6 mJy; )
have led Baring & Harding (1998) to argue that AXPs are
“radio-quiet”. If AXPs are magnetars, this could result from
photon-splitting in their magnetospheres, which prevents pair-
production and thus suppresses the radio pulse mechanism.
The distances to these AXPs imply upper limits on their 1.4-
GHz radio luminosities of 1.2, 2.0, 29 and 320 mJy kpc2 for
4U 0142+61, 1E 2259+586, 1E 1841–045 and RX J170849–
400910 respectively.7 Lyne et al. (1998) derive a 400-MHz lu-
minosity function for potentially observable radio pulsars (i.e.
all pulsars in the Galaxy beaming towards us, whether detected
by current searches or as yet undiscovered). Scaling this lu-
minosity distribution to an observing frequency of 1.4 GHz by
assuming a typical pulsar spectral index of  = −2, we find that
>60% of potentially observable radio pulsars have pulsed lu-
minosities below 1 mJy kpc2, fainter than the deepest limits
obtained towards the AXPs. The fact that that this small set
of X-ray selected sources has not been detected at radio wave-
lengths therefore does not place any strong constraints on their
intrinsic radio properties.
Furthermore, models for pulsar beaming generally predict
that slower-spinning pulsars have narrower radio beams. Indeed
the slowest radio pulsar, PSR J2144–3933 (for which P = 8:5 s,
comparable to that of the AXPs), has the narrowest known
pulse, of width less than 1◦ of the pulse phase (). If we as-
sume a population of radio pulsars in which the magnetic axis
is randomly oriented with respect both to the pulsar spin axis
and to the line-of-sight, 8 then for P = 10 s (appropriate for the
AXPs), the fraction of pulsars which would be beamed towards
us is estimated to be 3–5% (e.g. ; ). Thus even if all the AXPs
are radio pulsars, it is likely that none of them are beamed in
our direction.
5. ASSOCIATIONS OF SGRS WITH SNRS
Of the four (possibly five) SGRs identified to date, in all
cases associations have been claimed with nearby SNRs (). Be-
low we review recent results on each system, and use similar
criteria as for the AXPs to assess the validity of the proposed
SNR associations.
5.1. SGR 0526–66 and SNR N49
SGR 0526–66 was discovered as a result of its intense γ-
ray activity on 5 Mar 1979, data which also contained an 8-
second periodicity (; ). This γ-ray emission was localized
to a small 0.1 arcmin2 region of the Large Magellanic Cloud
(LMC) which overlaps the SNR N49 (). The X-ray point source
RX J05260.3–660433 falls within this error box and lies on the
rim of the SNR (; ); this source is presumed to be the X-ray
counterpart to the SGR.
The probability of a chance alignment between SGR 0526–
66 and SNR N49 was estimated by Felten (1982) to be ∼ 10−3.
There have been many new results on SNRs in the LMC since
this estimate was made. We consequently here make a revised
calculation as to the probability of coincidence between the
SNR and SGR.
The most recent catalog of LMC SNRs is that of Williams
7We have adopted distances to RX J170849–400910 and 4U 0142+61 of 10 and 2 kpc respectively, and have omitted the factor of 4pi as is usual for pulsar radio
luminosities.
8In magnetar models for the AXPs, the X-ray emission originates from the neutron star surface () and thus suffers significant gravitational bending. The X-ray
beams will thus be very broad, and the fact that we observe X-ray pulsations from the AXPs is not inconsistent with the assumption of randomly oriented radio beams.
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et al. (1999), who list 37 confirmed SNRs. The total solid an-
gle subtended by these SNRs is ∼ 180 arcmin2. If we assume
the LMC to be delineated by a circle of radius 3◦ and that SNRs
are randomly distributed throughout this region, then using the
same approach as in Section 4.1 above the probability of the
SGR falling on the rim of an unrelated SNR is 0.2%, double
the estimate of Felten (1982).
However, because both SNRs and SGRs are believed to be
formed in supernova explosions, their distributions should be
similar to those of massive stars and star-forming regions within
the LMC, neither of which are uniformly distributed throughout
the entire galaxy. The above calculation therefore considers too
large a possible area for these objects, and is an underestimate
of the probability of a spurious association.
In Figure ?? we show an IRAS 60 m image of the LMC, on
which the positions of SNRs from the catalog of Williams et al.
(1999) are marked. It is clear that the distribution of SNRs
within the LMC is indeed far from uniform, and follows the
multi-armed spiral pattern traced in the infra-red. If we only
consider those parts of the LMC in which there is bright in-
frared emission (Σ60µm > 10 MJy sr−1), the total area under
consideration is then ∼ 7 deg2, and the probability of a chance
coincidence between SGR 0526–66 and a SNR rises to 0.7%.
Alternatively, the scale length for the distribution of OB stars in
the LMC is 1.6 kpc (), corresponding to an area of ∼ 10 deg2
(for a distance of 50 kpc) and thus a probability of random
alignment of 0.5%.
There are certainly many LMC SNRs still to be discovered,
especially given the difficulty in identifying SNRs in complex
star-forming regions (). The above calculations are thus likely
to be underestimates, and the true probability of coincidental
alignment may be as large as several percent. Furthermore, as
we have discussed above for the case of RX J170849–400910,
a low probability of chance alignment does not imply that the
SGR and SNR were formed in the same supernova explosion,
but possibly that two separate supernovae occurred near each
other. The many examples of closely-grouped SNRs in the
LMC indeed demonstrate the clustered nature of their progeni-
tors (; ; ).
These considerations suggest that the claimed association be-
tween SGR 0526–66 and N49, while by far the most likely of
the SGR/SNR associations (see further discussion below), is
considerably less convincing than the cases for AXPs in SNRs
considered above. Doubt has also recently been cast on this
association by Kaplan et al. (2001), who infer an age for the
SGR of ∼1000 yr on the basis of its energetics and broad-band
spectrum. This is clearly inconsistent with the age of 5–16 kyr
estimated for the SNR (; ).
5.2. SGR 1806–20 and G10.0–0.3
SGR 1806–20 was originally localized to a small region cen-
tered on the unusual SNR G10.0–0.3 (; ). However, a re-
analysis of γ-ray data for SGR 1806–20 demonstrates its most
likely position to be offset by 15′′ from the center of G10.0–0.3
(). Recent observations of the region using the Chandra X-ray
Observatory have confirmed this refined position ().
Meanwhile, VLA observations of G10.0–0.3 have shown a
centrally-condensed, changing morphology and an unusually
steep spectrum, with no evidence for a blast-wave and/or a su-
pernova explosion (; ; ). The classification of G10.0–0.3 as a
SNR therefore seems to have been erroneous; it rather seems
to be powered by some central object unrelated to SGR 1806–
20, possibly the massive star identified by van Kerkwijk et al.
(1995).
We thus conclude that there is no SNR associated with
SGR 1806–20.
5.3. SGR 1900+14 and G42.8+0.6
SGR 1900+14 has been identified with an unresolved X-ray
source located 5′ outside the rim of the SNR G42.8+0.6 ().
As is the case for RX J170849–400910, this source falls in a
complicated region in the inner Galaxy. Considering the re-
gion 35◦ < l < 45◦, |b| < 1◦, we find by the same approach
as used earlier that there is a ∼4% probability that the prox-
imity to a SNR is simply by chance. As discussed above, this
low probability may simply represent the natural spatial clus-
tering of supernova explosions rather than any specific asso-
ciation between the SGR and SNR. Furthermore, a radio pul-
sar, PSR J1907+0918, has recently been identified just 2′ from
SGR 1900+14, and has a characteristic age of only 38 kyr
(). The case for an association between the radio pulsar and
SNR G32.8+0.6 is far from compelling, but is just as plausible
as the SGR/SNR association, further weakening the argument
for the latter.
Finally, we note that Vrba et al. (2000) have discovered a
cluster of massive stars separated from SGR 1900+14 by just a
few arcsec. They propose an association between the SGR and
the star cluster, which would immediately rule out an associa-
tion with SNR G42.8+0.6.
We conclude that there is a significant likelihood of ran-
dom alignment between SGR 1900+14 and G42.8+0.6, and that
there is little convincing evidence in favor of a physical associ-
ation given the complex nature of this part of the sky.
5.4. SGR 1627–41 and G337.0–0.1
SGR 1627–41 has an X-ray counterpart which shows it to be
embedded in the complicated radio region CTB 33 (). CTB 33
was originally classified as an SNR/H II complex (), an interpre-
tation confirmed by recent high-resolution observations which
show this source to be a large H II region in which a compact
SNR, G337.0–0.1, is embedded (). The X-ray localization for
SGR 1627–41 puts it ∼ 30′′ outside the rim of the SNR ().
Smith et al. (1999) estimate the probability of a random align-
ment between the SNR and SGR to be ∼5%.
A common distance of 11.0 kpc has been determined inde-
pendently for SNR G337.0–0.1 () and SGR 1627–41 (). How-
ever, this simply indicates that the SNR and SGR are probably
part of the same star-forming complex which includes CTB 33;
it does not make a strong case that they correspond to the same
supernova explosion.
5.5. SGR 1801–23
A possible fifth SGR, 1801–23, has been reported by Cline
et al. (2000). The error box for this source is very elongated,
extending across almost four degrees of the Galactic Plane in
a complex region near the Galactic Center. Although this error
circle passes through or near ∼7 SNRs, any such error circle
drawn randomly on the sky in this region would do so. No se-
rious case can be made for an association with any particular
SNR until this SGR is confirmed and its position refined.
5.6. Overall Properties
In the second half of Table ??, we have listed the three SGRs
which lie near SNRs. As in Section 4.4 for the AXPs, for each
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system we have listed the age, distance and radius of the SNR,
the offset of the SGR with respect to the SNR’s center, the nor-
malized offset, , and the implied transverse velocity, VT . In
stark distinction to the AXPs, for all three SGRs we find that
 ≥ 1.
No estimate of an age or distance is available for G42.8+0.6,9
but for SNRs N49 and G337.0–0.1, transverse velocities which
are at the upper end of, or even beyond, the velocity distribution
of the radio pulsar population (; ) are inferred. These velocities
appear inconsistent with the low transverse velocities inferred
for the AXPs.
The small statistics available thus suggest that if SGRs are
associated with their nearby SNRs, then they must be a higher
velocity population than are AXPs or radio pulsars. Indeed it
has been proposed that magnetars should have unusually high
space velocities (∼> 1000 km s−1) as a result of anisotropic neu-
trino emission immediately after core-collapse (; ).
However, these associations with SNRs rule out any relation-
ship or evolutionary connection with the AXPs. If SGRs are a
younger population than the AXPs, as has been proposed by
Kouveliotou et al. (1998), then SGRs should generally have
smaller values of  than do AXPs, which is clearly not the case.
On the other hand, if SGRs are an older incarnation of the AXPs
(; ), then the SGRs should have values of  larger than for the
AXPs (as is observed), but the velocity distributions of the two
populations should be similar.10 Thus if all the associations in
Table ?? are genuine, then AXPs and SGRs must represent two
discrete populations of object. This could result either if SGRs
are magnetars and AXPs are accreting systems, or if there are
two types of magnetar — a population with extreme (∼ 1015
G) magnetic fields and high velocities (the SGRs), and a sep-
arate group with lower magnetic fields (∼ 1014 G) and lower
velocities (the AXPs).
Disregarding their values of  and VT , AXPs and SGRs have
remarkably similar properties (e.g. ; ). There is thus consid-
erable reluctance to conclude that the two populations are not
related in some way. The only way this AXP/SGR connection
can be maintained is if one abandons the associations between
SGRs and SNRs, and therefore removes the discrepancy in the
velocity distributions of the AXP and SGR populations. As ar-
gued earlier, none of the SGR/SNR associations are particularly
compelling. It is worth noting that of the claimed associations
between radio pulsars and SNRs for which  ≥ 1, almost all
have been subsequently argued to be spurious (e.g. ; ; ; ).
If SGRs are neutron stars, but have ages of 50–100 kyr and
have low space velocities, then we would expect their associ-
ated SNRs to have faded, but for these sources to still be near
regions of supernova and star-forming activity, as is observed.
In this case the the data are consistent with the hypothesis that
SGRs and AXPs are related sources, but imply that the SGRs
represent an older or longer-lived population whose SNRs have
dissipated.
Given this result, it is tempting to argue that AXPs evolve
into SGRs. However, this scenario is problematic in that if
AXPs are magnetars, then their youth and narrow range of
spin-periods argue that their magnetic fields decay rapidly to
strengths below ∼ 1013 G (). It is then hard to see how AXPs
can evolve into SGRs, the latter of which are believed to have
magnetic field strengths∼> 1015 G. Furthermore, the AXPs and
SGRs have similar period distributions: 5–8 sec for SGRs, and
6–12 sec for AXPs. If SGRs are 5–10 times older than AXPs
as proposed here, and if one extrapolates the steady spin-down
seen in several AXPs (; ) to such ages, we would then expect the
SGRs to have periods 10 s, which is not observed. We note
that some AXPs and SGRs do not show smooth spin-down (; ),
while there is evidence in the case of 1E 2259+586 for a short
period of spin-up (). It has indeed been argued that magnetars
can undergo periods of very low spin-down or even spin-up de-
pending on the level of internal activity (). These effects must
be significant if AXPs are to evolve into SGRs.
6. CONCLUSIONS
We have presented radio observations of two Anoma-
lous X-ray Pulsars, RX J170849–400910 and 4U 0142+61.
RX J170849–400910 lies in a complex region which includes
the candidate supernova remnant G346.5–0.1, but is not likely
to be associated with this or any other SNR. No extended radio
emission is seen in the vicinity of 4U 0142+61; even the faintest
known SNR would have been detected.
The three associations of AXPs with SNRs provide strong
evidence for a physical connection between the two types of ob-
ject. These associations imply that AXPs are young (<10 kyr)
neutron stars, with low space velocities (<500 km s−1). This
result is consistent with AXPs being “magnetars” which un-
dergo rapid field decay, but also with models in which AXPs are
lower-field neutron stars accreting from a supernova fallback
disk. We argue that there is no evidence that the SNRs associ-
ated with AXPs expand into a denser environment than do the
SNRs associated with radio pulsars, contrary to the “nurture”
model for AXPs proposed by Marsden et al. (2001). Despite
the fact that no AXP has been detected at radio wavelengths,
these data provide no evidence that AXPs are radio-quiet. Even
if all AXPs are radio pulsars, it is highly likely that they are
either all beaming away from us or are too faint to detect.
The Soft Gamma-Ray Repeaters have been proposed to all
be associated with SNRs. We review the associations claimed
between SGRs and SNRs — in one case the classification as
a SNR was erroneous, while in all other cases the SGR is on
the edge of or outside the nearest SNR. We find a significant
probability that the claimed SGR/SNR associations are spuri-
ous, implying that the SGRs are an older or longer-lived pop-
ulation than are the AXPs. If the SGR/SNR associations are
valid, they imply that SGRs are high velocity (∼> 1000 km s−1)
objects. In this case, the data are inconsistent with there being
any link between the SGR and AXP populations. In either case,
the fact that the SGRs all lie near SNRs, H II regions and mas-
sive star clusters is still consistent with the hypothesis that they
are relatively young neutron stars.
The high velocities suggested for the SGRs from their
claimed SNR associations can be tested by proper motion mea-
surements with Chandra over the next few years. These re-
sults will provide significant new input into the debate over
SGR/SNR associations, and on the relationship between SGRs
and AXPs.
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